Introduction
Predation is a key force shaping most ecosystems (Getz 2011 ) and one of the key drivers of animal evolution (Roff 1996) . Predator-prey interactions are generally conceptualized as complex games of fear and stealth between predators and prey . In these games, predators attempt to maximise their success during search, encounter, and attack stages through selective movement, patch-use, and hunting behaviour (Lima and Dill 1990; Hebblewhite et al. 2005) . Conversely, prey attempt to minimise the impact of predators by balancing their immediate survival with the acquisition of resources, reproduction, and maintenance of other long-term survival requirements (Stephens and Krebs 1986; Brown 1999) .
Despite varying outcomes of the predator-prey game, theoretical models generally imply a positive relationship between predator and prey regarding spatial overlap and encounter risk which subsequently modulate predation risk (Sih 1984; Laundré et al. 2001; Mitchell and Lima 2002 ). These models are useful because they consider processes such as encounter and vulnerability when generating predictions of predator and prey resource use and distribution over the landscape (Lima and Dill 1990) . However, these models have rarely considered the variation that is often inherent in species' behaviour and temporal changes in resource use.
Models examining how predator hunting mode and habitat use determine the magnitude of consumptive and non-consumptive effects on prey have been proposed and reviewed (Schmitz 2005; Preisser et al. 2007 ). These models have established that hunting strategy is a key element of any predator-prey game. Unfortunately, models such as the shellgame or the landscape of fear, even if they consider predator behaviour, are typically oriented towards specialist predators and their primary prey (Laundré et al. 2001; Mitchell and Lima ). To date, other types of predators, such as generalist predators that do not rely on a particular prey type unless environmental conditions become conducive to exploitation of that particular prey type (e.g., because of high relative density or vulnerability of a given prey type), are poorly understood. This includes many generalist predators that exhibit stereotypic hunting strategies suited to one vs. multiple prey types (but see Schmidt et al. 2001; Schmidt 2004 ).
Predation risk from generalist predators is a function of similarity in habitat use between predator and prey (enemy-free space; Schmidt 2004) , movement strategies leading to encounter (Mitchell and Lima 2002; Bastille-Rousseau et al. 2011) , and inherent vulnerability of the prey (Lima and Dill 1990 ). Yet not all generalist predators are necessarily cut from the same cloth; in many cases there may be individual-level variation in kill rates of a particular prey species within a predator population (Bolnick et al. 2003) . For example, variability in prey vulnerability may result because of differences in age or experience of individual predators (Woo et al. 2008) . It follows that a detailed understanding of predator-prey interactions requires information on population-level and individual-level patterns (Woo et al. 2008; Bastille-Rousseau et al. 2011) , especially since the effect of a small number of specialized individuals can sometimes have major impacts on prey populations (Festa-Bianchet et al. 2006 ).
Here, we investigate how predation risk for a prey species, woodland caribou (Rangifer tarandus (L. 1758)), is impacted by the behaviour of two omnivorous species, coyote (Canis latrans Say, 1823) and American black bear (Ursus americanus Pallas, 1780, hereafter "bear") on the island of Newfoundland. Combined, the two predators are responsible for the majority of caribou calf mortalities in Newfoundland, each killing approximately 30% of calves within the first two months of life (Bastille-Rousseau et al. 2015 Both predators prey on moose (Alces alces L. 1758) and caribou calves and consume hunting-or winter-related carrion when they are available. To understand caribou-predator interactions, we first defined ecologically relevant seasons (characterized by periods of homogenous resource use and movements) for each species by applying a clustering algorithm approach developed by Basille et al. (2012) . We then examined how predators and caribou use similar habitat at the population and individual levels during our ecologically derived seasons, and how this relates to interspecific co-occurrence in space and mortality risk for neonate caribou. Since bears and coyotes are generalist predators, they may take advantage of the pulse of predictable and easily captured caribou calves in different ways (Zager and Beecham 2006; Turner et al. 2011) , thereby decoupling the concordance among habitat use, co-occurrence and mortality risk. For example, if the risk for caribou neonates is driven by a change in multi-scale patterns of predator space-use, we predict that higher similarity in habitat use between predator and prey will result in higher risk and be associated with higher co-occurrence. If the risk for caribou neonates is driven solely by calf intrinsic vulnerability with no behavioural change in predator space-use, we expect no correlation between habitat overlap, co-D r a f t 6 occurrence, and risk. Our study provides a deeper understanding of the various potential spatio-temporal interactions that may occur between predators and prey at both the population-and individual-level. Survival data were used in the hazard risk calculation (see "Hazard risk" below). All animal capture and handling procedures were consistent with the American Society of Mammologists guidelines (Sikes and Gannon 2011) .
Material and Methods

Data Collection
Statistical Analysis Seasons
Although most caribou calf mortalities occurred during the calving season, we conducted all analyses throughout the year, both because predators killed some calves outside of the calving season, and to gain a better understanding of how predator-prey interactions D r a f t 8 fluctuated across time. We followed the approach of Basille et al. (2012) to define ecologically based seasons derived from space-use patterns for each species using a clustering approach.
For each day in a given year we characterised the space-use of an individual across 11 habitat and movement variables (see Figure S1 , for habitat types) by calculating the mean speed, tortuosity, average elevation, and the proportion of locations in our 8 habitat categories (habitat use) within a 15-day moving window centered on the focal day. We then rangestandardized each daily individual-year measurement between 0 and 1 and averaged them, first by individual, and then by species to come up with a value for each day of the year (Basille et al. 2012 ). This ensured that a behaviour displayed prominently in a given year or by an individual monitored over multiple years did not contribute disproportionately to our classification. We used K-means clustering to identify homogenous periods based upon our 11 habitat and movement variables (Basille et al. 2012 ) and determined the optimal number of clusters using the DD-weighted gap method (Yan and Ye 2007) . We used the optimal number of clusters as the number of biological seasons. We performed a bootstrap approach where 100 sets of individual-years were resampled with replacement from the original dataset and then ran Kmeans clustering for each set to assess the robustness of the classification, calculating the probability that each day fell in a specific season (Basille et al. 2012 ). Finally, delineations based on seasons that started on a day that fell in the top 20% (for caribou), 25% (for coyote), or 30% (for bears) of the weight distribution were obtained. We adjusted criteria for predator species to ensure a representative seasonal delineation in regards to their biology in Newfoundland and minimal number of seasons expected (e.g., for bears, defining the criteria below 30% led to the identification of only two seasons, active and denning, despite non-homogenous D r a f t movements and habitat use [see Supplementary material]). Because tortuosity requires animals to move, and bears were stationary during denning, we randomly assigned tortuosity values from a uniform distribution (0-π radians) and used habitat variables associated with den sites for all days when individuals were denning. Next, we created caribou-predator seasons by taking the intersection of caribou and predator delineations (hereafter, "caribou-predator seasons"). Thus, the end of each caribou-predator season delineated a behavioural adjustment in space use by either caribou or the predator species. We then evaluated habitat overlap, cooccurrence, and hazard risk from bear and coyote using the caribou-predator seasons to test our predictions. We also created bear-coyote seasons in the manner described above to evaluate the similarity of habitat use between bears and coyotes.
Similarity in habitat use
We examined similarity in habitat use between caribou and each predator species at two levels, population and individual. For caribou, we used adult female GPS telemetry regardless of their reproductive status as this information was not available; parturition rate was approximately 80% during the monitoring period (Weir et al. 2014) . Population-level similarity reflects overlap in habitat use of the caribou population with a predator population, whereas individual-level overlap reflects overlap between an individual predator and the caribou population. Overlap in habitat use may be an indication of the strength of potential trophic interactions between predator and prey species as this is prerequisite to predator-prey co-encounter (Hebblewhite et al. 2005; Chesson and Kuang 2008) . We evaluated habitat overlap using an index of overlap derived from the Jaccard index adapted to continuous data (see Basille et al. 2012 for further details). For each habitat type and each day, habitat overlap D r a f t at the population-or individual-level was measured as the size of the intersection over the size of the union of a caribou population range and either a predator population species range or individual range based on maximum and minimum values for a given day:
where min and max represented the minimum or maximum values for use (percent of locations) of a specific variable (habitat) within a daily moving window used in the clustering approach. For both levels of habitat overlap, the index varied between 0 and 1 (no overlap to complete overlap) for each habitat and day. We then computed a measure of daily global overlap by taking the average of all habitats for each day for each caribou-predator season. We used a paired T-test to test whether caribou-bear overlap was higher than caribou-coyote overlap. We also assessed bear-coyote overlap to evaluate potential interactions between the predators.
As an additional exercise, to investigate possible specialization towards caribou within predator populations, we examined whether individual-level habitat overlap between predators and caribou could be linked with individual characteristics of predators. For each caribou-predator season, we assessed whether individual habitat overlap was influenced by predator age (adult vs. subadult), gender, and, for coyotes, social status (resident or transient;
E.H. Ellington, unpublished data) We used linear models with each of these variables as a single effect and interactions between age and gender for each predator species and each cariboupredator season. We present results for this analysis in Table S1 , Supplementary material.
Co-occurrence index (encounter)
D r a f t
11
We estimated caribou-predator co-occurrence rates using our GPS telemetry dataset.
We considered an encounter to have occurred when an individual and a predator were <1km of apart within a 24-hour window. Detection distances of 1-2 km have frequently been used to identify short-term predation risk in different large mammal predator-prey systems and are likely within predator sensory detection range (Muhly et al. 2010; Whittington et al. 2011 ).
Though such an encounter may not indicate that a biological encounter occurred (predator notices prey or vice-versa), they represent instances where an encounter could plausibly have occurred. Latombe et al. (2013) found behavioural changes in caribou selection following the presence of a wolf within 4.7 km in the previous 1.5 days, although smaller distances are to be expected for coyotes or bears (Chamaillé-Jammes et al. 2014). Our radius was therefore more conservative than those generally used in definitions of encounter using GPS telemetry (e.g. Muhly et al. 2010; Whittington et al. 2011) . To account for any differences in the length of season and intensity of monitoring, we standardized the number of encounters per cariboupredator season by the length of shared days of monitoring, the intensity of monitoring, and the spatial overlap between caribou and predators. The encounter index for a season was computed as:
where E s was the total amount of encounters in a season S, D Si was the number of shared days of monitoring for a specific pair of animals I of n possible caribou-predator pairs, Fc Si and Fp Si were the average number of fixes per day for caribou and predator, respectively, in a season, and O Si was the percent overlap between caribou and predator 100% seasonal minimum D r a f t convex polygon home-ranges. For each predator species, we range-standardised between zero and one values of the index over the year.
Hazard risk
Using our dataset of calf survival fate, we estimated mortality risk for caribou calves from predation by coyote and black bear. We estimated the hazard function representing the instantaneous risk of mortality from a given predator for each calf following capture. On average, calves were born approximately 1 June in Newfoundland (Lewis and Mahoney 2014) .
We used kernel-based methods to estimate a smoothed hazard function, using local bandwidth selection algorithms and an Epanechnikov boundary function (Griffin et al. 2011) . Hazard was also range-standardized between zero and one for both species. We tested for correlation between habitat overlap, co-occurrence, and risk with Pearson's correlation coefficients using values averaged over each caribou-predator seasons. All analyses were conducted in R 3.0.2 with packages adehabitatHR, sp rgeos, plyr, muhaz, and functions available from Basille et al. (2012;  http://ase-research.org/basille/seasonality).
Results
Caribou-predator Seasons
The dDgap statistic revealed the presence of three space-use modes (clusters) over the year for caribou in Newfoundland. These three clusters corresponded to four caribou-specific seasons (Winter, Calving, Summer, and Rut [Breeding]; Figure 1 ) delimited by the respective starting dates: 26 September, 26 April, 27 June, and 9 September. For black bears, the dDgap statistic showed two local maxima, the highest dDgap statistic indicated only two seasons, which D r a f t 13 differentiated between active and denning periods. Therefore, we used the second highest local maxima, which revealed five clusters and seasons that corresponded more closely to our biological expectations of bear behaviour and patterns of movement and habitat use (Denning, Spring, Summer, Fall, and Pre-denning; Figure 1) 
Population-and Individual-level Similarity in Habitat-use
Population-level habitat overlap between caribou and bear was highest in late summer and early fall (August to mid-October) and lowest in the periods following den emergence (up to late-May, Figure 2 ). Habitat overlap between individual bears and the caribou population followed similar trends at the individual-level (Figure 2 ). Some individual bears nevertheless displayed stronger overlap with caribou throughout most of the summer period (late April to early September, Figure 2 ).
On average, annual population-level habitat overlap between caribou and coyote (mean overlap = 0.167) was higher than between caribou and bear during the bear non-denning period (mean = 0.098, t = -13.126, df = 195, p < 0.001). Population-level habitat overlap between caribou and coyote was highest in the summer, most notably between late-June to D r a f t 14 mid-August, whereas it was lowest during late winter (Mid-February to late-April, Figure 2 ).
Habitat similarity between individual coyotes and the caribou population followed a different pattern, however, with average individual-level overlap slightly higher during early winter (November to February) and spring (late-April to late-June) and lowest during late winter and late summer (mid-August to late-September and early-November to mid-February, Figure 2 ).
Variation in individual-level habitat overlap was largest during the early winter and early spring periods (late April to late June, Figure 2) . Overall, overlap between bears and coyotes was higher than overlap between caribou and either predator (Figure 2 ).
Relationships between Habitat Overlap, Co-occurrence, and Risk
We observed that the hazard risk for caribou calves from black bears decreased through time, with the encounter rate between bears and caribou at its highest during the period of high calf vulnerability. Over the year, there was small correspondence between patterns of overlap and risk (R = 0.437, t = 1.284, df = 7, p = 0.240), and even less correspondence between encounter rates and risk (R = 0.406, t = 1.175, df = 7, p = 0.278) or encounter rates and overlap (R = 0.061, t = 0.161, df = 7, p = 0.877).
For coyotes, hazard risk for caribou calves decreased most abruptly from June to October, and then decreased gradually over the rest of the year (Figure 2 ). This pattern of risk generally matched population-level habitat overlap between coyotes and caribou (R = 0.950, t = 7.475, df = 6, p <0.001) , except for the early period of calving when risk was higher and overlap was close to average. The patterns of encounter rate were also correlated marginally with the D r a f t 15 patterns in habitat overlap (R = 0.719, t = 2.315, df = 5, p = 0.068) and significantly with risk (R = 0.773, t = 2.721, df = 5, p = 0.042, Figure 2 ).
Discussion
We explored spatial interactions between predators and prey at the population and individual level to further our understanding of predator-caribou behavioural interactions leading to caribou calf mortalities in Newfoundland. We first explored seasonal patterns of space-use for each species (Figure 1 ) and determined that habitat overlap with female caribou was slightly higher for coyote than for bear, while both predators had more similar habitat use (Figure 2 ).
Risk for calves from coyotes mirrored variation in seasonal changes in habitat overlap, but had less association with co-occurrence. In contrast, yearly changes in habitat overlap during the calving season for black bears had little association with either co-occurrence patterns or overall risk for caribou neonates (Figure 2 ). These differences in space use overlap between two predators and a shared prey species speak to a high level of variability in the spatial interactions of generalist predators and their prey.
Predator hunting behaviour is a crucial element of the predator-prey game, shaping not only the behavioural response of the prey and the magnitude of non-consumptive effects, but also potentially having broader repercussions at the ecosystem level (Schmitz 2008) . We found that population habitat overlap between coyotes and adult female caribou decreased as calves became less vulnerable to coyote predation (Figure 2 ), indicating that coyote space-use more closely matched caribou space-use when calves were susceptible to coyote predation. The overall lower level of population habitat overlap observed between bears and caribou (Figure 2) D r a f t 16 was probably also influenced by hunting behaviour. Our results also showed that the habitat overlap between bears and coyotes was greater than the habitat overlap between caribou and either predator, but that the similarity between predators was at its lowest during the period of greatest neonate vulnerability (Figure 2) . These results indicate that bears, coyotes, and caribou are likely using more similar space-use strategies later in the season, perhaps providing a partial explanation for why risk for caribou neonates remains high for a longer period since coyotes colonized Newfoundland (Bastille-Rousseau et al. 2015) .
Many populations of predators can be considered as groups of specialized individuals (Bolnick et al. 2003; Woo et al. 2008 ). In our study, both predator species displayed high intraspecific variation in individual habitat overlap with caribou; numerous individuals displayed little to no overlap, whereas some displayed strong overlap in habitat use. Although a high degree of similarity in habitat overlap between a predator and caribou may not be a formal indication of specialization, individuals with higher habitat overlap are more likely to prey on caribou (Basille et al. 2012) . The minor influence of individual characteristics on habitat overlap ( Figure S1 , Supplementary material) and the low level of individual overlap are consistent with the notion that caribou are not primary prey for most individuals of either of these carnivores.
Predators exist along a continuum regarding specialization toward resources (Bolnick et al. 2003) . At one extreme, specialists focus on primary prey exclusively, switching to alternate prey only during periods of low primary prey density (Fryxell and Lundberg 1994) . Such preyswitching behaviour is well captured by current functional response models and, therefore, the integration of specialist predators in prey population dynamics is more straightforward (Vucetich et al. 2002) . At the other extreme, generalist predators may specialize on a given prey D r a f t type only in restricted space and/or time, but nevertheless orient their foraging behaviour toward a diversity of resources (Smout et al. 2010 ). This flexibility in searching behaviour increases the opportunity for opportunistic predation, resulting in the consumption of prey that is unintentionally encountered (Schmidt et al. 2001; Schmidt 2004) . Even if ungulate neonates are an extremely profitable resource for these predators (Rode and Robbins 2000; Turner et al. 2011 ), the small overlap of both predators with caribou indicates that this particular prey type is unlikely to serve as primary prey. Indeed, movement patterns of bears and coyotes are likely influenced by the availability of other resources during the caribou calving season, including vegetation and potentially moose neonates. It is therefore unclear whether these predators are actively searching for neonates or are simply incidentally encountering them. Further examination of resource selection and functional response of coyotes and black bears towards calves is needed to clarify the role of caribou and moose in their diet and whether apparent competition is at play between the two ungulates (Holt and Lawton 1994) .
Predation risk can be separated into two sub-components: the probability of encounter (α) and the probability of death following an encounter (Lima and Dill 1990; Hebblewhite et al. 2005) . Space-use patterns of predator and prey comprise the main elements of the encounter component (Hebblewhite et al. 2005) . For a neonate calf, vulnerability is highly influenced by age (Gustine et al. 2006) . To some extent, we found that habitat use matched the encounter index for coyotes, but we found little correspondence between these indices for bears.
Moreover, for coyotes, the overall patterns of overlap and encounter followed the change in risk (Figure 2 ). This may indicate that predation risk from coyotes was shaped by both the encounter probability and the change in neonate vulnerability. Results from bear were D r a f t markedly different; overlap and encounter did not correspond with variation in risk (Figure 2 ), other than an extremely high encounter rate following neonate's birth. This indicates that risk from bear was almost uniquely driven by vulnerability of neonate caribou during the critical post-partum period, and that the habitat use of bears throughout the year had little influence on overall risk thereafter. This is corroborated by numerous studies showing a short period of vulnerability to bear predation for ungulate neonates (review by Zager and Beecham 2006) . Nevertheless, it is interesting that these two different strategies resulted in similar levels of cause-specific predation rates (Lewis and Mahoney 2014) .
Newfoundland caribou have been in a state of protracted decline since the mid-1990s following a numerical increase initiated in the 1970s (Bastille-Rousseau et al. 2013) . Just prior to this decline, coyotes colonized the island and became widespread by the late 1990s. Factors ultimately driving the caribou population decline were related to the high population size and a decrease in summer foraging and harsher winter conditions (Bastille-Rousseau et al. 2013 ), but proximately, this decline is the outcome of a drastic reduction in neonate survival (Lewis and Mahoney 2014) . It is commonly accepted that generalist predators can stabilize prey populations when mortality is density-dependent (Fryxell and Lundberg 1994) , but local extinction may result when predators expand their diet rather than switch to alternate prey (Holt and Lawton 1994) . Mortalities do not appear to be density-dependent for adult female Newfoundland caribou following the caribou population decline but caribou are one of many food items consumed by bears and coyotes (C. Zieminski unpublished data; Bridger 2005) . This suggests that per-capita predation of caribou is unlikely to decrease even if the population continues to decline. As our analysis was limited to a period when caribou populations were at D r a f t 19 their lowest density in the last 3 decades, it is uncertain whether predators may alter their behaviour by increasing the predation rate on caribou following a positive change in abundance. This would represent a double-edged sword for Newfoundland caribou, as densityindependent predation may threaten current caribou persistence whereas density-dependent predation may limit future population increase.
A great deal of literature on predator-prey interactions has focused on systems involving specialist predators. Detailed spatial models of the behavioural games for both species, or formulations of several types of functional responses, greatly improved the study of predatorprey interactions (Vucetich et al. 2002; Hebblewhite et al. 2005) . However, the behavioural strategies of generalist consumers are not easily captured by these theoretical models. Our work illustrates how risk for a specific prey species is affected by generalist predators that display different strategies regarding patterns in habitat overlap and co-occurrence. Moreover, we demonstrated that these strategies may be highly variable between species, but nevertheless have a similar impact on prey population dynamics. As top predators decline worldwide (Johnson et al. 2007; Heithaus et al. 2008) , it is likely that the predation impact on prey communities will be increasingly driven by highly opportunistic and generalist predators with an increased ability to respond dynamically to human development and landscape alteration (Prugh et al. 2009 ). It is therefore crucial that we develop a robust theoretical foundation for predator-prey interactions involving generalist predators to better predict future influences on ecosystem function. 
